Abstract: Nanocomposites with synthetic biodegradable aliphatic polyesters (BAP) were synthesized by the solution intercalation method with addition of organically modified montmorillonite. The hybrid structural evolution, caused by nanoscopic interaction between matrix polymer and layered silicate, was analyzed using viscoelastic properties obtained from oscillatory rheological measurements. Changes of viscoelastic properties to more solid-like, especially in the terminal region, were explained by both formation of specific BAP chain mesostructures with organoclay incorporated and a rheological percolation threshold. This behaviour was analyzed via a modified Cole-Cole plot evaluating the structural changes with filler concentration as well as the frequency dependence of dynamic modulus, complex modulus, and phase angle. Furthermore, the stress relaxation behaviour successfully demonstrated structural changes and critical concentration of nanocomposites with a jump shift of the longest relaxation time towards longer time.
Introduction
Currently, considerable interest has been focused on biodegradable polymers, which can be easily decayed or decomposed by microbes, as a reliable way to reduce pollution caused by plastic wastes. These biodegradable polymers can be classified largely in three categories. The first belongs to the biopolymers produced by microorganisms, which can be divided into intracellular polyalkanoates such as polyhydroxybutyrate (PHB) family polymers [1, 2] and extracellular polysaccharides such as xanthan gum, alginate, pullulan, and dextran. The other two categories are the polymers that are synthesized from raw materials via fermentation including poly(ε-caprolactone), polyglycolic acid, and polylactide, or natural biopolymers such as cellulose, pectin, and chitosan. All these polymers have been spotlighted since their first commercialization in 1980s, because of their environmentally benign and biocompatible properties. Nonetheless, their higher production costs and inferior 1 physical properties compared to conventional synthetic polymers have limited their extensive use in various engineering applications [3] [4] [5] .
In this study, we adopted a biodegradable aliphatic polyester (BAP), synthesized from diols and dicarboxylic acids, as potential biodegradable polymer. Although its physical properties are quite similar to those of polyethylene or polypropylene, some difficulties in engineering applications exist due to its low melting temperature and weak thermal stability. Therefore, either by blending BAP with conventional thermoplastics or by preparing polymer/clay nanocomposites, low-cost materials with improved properties can be produced [6, 7] . We embedded an inexpensive and light inorganic filler (montmorillonite) into the BAP matrix and prepared BAP + organoclay nanocomposites via solvent casting. Enhanced mechanical and thermal properties were previously observed [8] [9] [10] [11] [12] . However, structural changes were not yet fully characterized and understood by rheological measurements, especially in dynamic oscillatory shear mode [13, 14] . In this work, we provide a rheological interpretation for hybrid structures and examine a criterion for the rheological percolation threshold, which is the onset of a dramatic structural change, via manifold rheological characteristics.
Experimental part
A synthetic biodegradable aliphatic polyester (BAP, Skygreen 2109, SK Chemicals, Korea) was adopted to prepare polymer/clay nanocomposites. Its molecular weight and melting temperature are approximately 60 000 and 90°C, respectively. BAP is a copolymer synthesized from diols (1,4-butanediol and ethylene glycol) and diacids (succinic acid and adipic acid) by polycondensation. Commercially available BAP with the following chemical structure shows not only biodegradability but also excellent melt processability.
As an inorganic filler, Cloisite ® 25A (Southern Clay Products, Gonzales, TX, USA), which is an organically modified montmorillonite (OMMT, Na+MMT modified with dimethyl hydrogenated (2-ethylhexyl) quaternary ammonium, cf. Scheme 2), was used to reinforce the matrix polymer by forming polymer + clay nanocomposites. Cationic exchange capacity (CEC) of the OMMT is 95 meq/100 g. The gallery height of its interlayer is estimated to be 2.18 nm, which is 1.01 nm higher than that of pristine Na + MMT (1.17 nm [8] .
Insertion of BAP in the OMMT layers was confirmed by X-ray diffractometry (XRD). A Guinier focusing camera, using a quartz crystal monochromator in a Philips PW-1847 X-ray crystallographic unit (40 kV and 40 mV) fitted with a copper target, was used for recording data in the range of 2θ = 1.5° -3.0°.
Rheological measurements were performed via a stress-controlled type rotational rheometer (Physica MCR300, Stuttgart, Germany) equipped with a parallel plate geometry (25 mm diameter). We measured dynamic rheological properties in the frequency range of 0.03 to 370 s -1 in the molten state at 140°C under small-amplitude oscillatory shear strain (γ ≈ 1 -3%) where the linear viscoelastic condition is ensured via an amplitude sweep test. We also obtained a stress relaxation function G(t) (via Schwarzl analysis) and a relaxation time spectrum H(λ) (via Tschoegl analysis).
Results and discussion
The insertion of BAP into the layered silicate was confirmed via the XRD diagram of pure BAP, pure OMMT, and BAP/OMMT nanocomposites ( Fig. 1) . A shift in the X-ray diffraction peak toward a lower angle represents the intercalation of the polymer chains (according to the Bragg formula: λ = 2d sin θ). The viscoelastic properties of particulate suspensions depend on structure, particle size and shape; therefore, rheology can be used to provide a tool to examine the structural evolution and the dispersion quality of polymer/clay nanocomposites in the melt. Dynamic moduli as typical viscoelastic properties can be represented as functions of frequency. Storage (G′) and loss moduli (G″) are obtained simultaneously as a function of the applied frequency. Depending on the material characteristics, the resultant response represents solid-like or liquid-like behaviour. By definition, materials behave like a solid for G′ > G″, and like a fluid for G′ < G″ [15, 16] . Fig. 2(a) shows the frequency-dependent dynamic moduli for BAP + OMMT nanocomposites in the terminal zone. With the increase of clay loading, the nanocomposites exhibited more solid-like behaviour with a decrease of the slope in the terminal zone and a shift of the crossover point towards the lower-frequency region (repre-sented as arrows) of G′ and G″. The terminal zone ranges from the lowest-frequency limit to the onset point of slope change. In other words, in the terminal region, the slope is maintained linearly for the pristine BAP. With increasing frequency (progress toward a short-time response), the polymer chains experience entanglement. Therefore, their relaxation process is not determined by reptation any more, but is subjected to the restricted segmental motion in a tube formed by the entanglement. As a result, the increase of frequency makes a gradual change in the slope of the modulus and a weak frequency-dependent modulus originates from the physical network of entangled polymer chains.
The addition of inorganic filler to the homopolymer can give various alterations to the terminal behaviour by modifying the degree of interaction between polymer and clay or among clays. In the case of polymer/clay nanocomposites, the storage modulus, which is the index of elasticity, can increase remarkably, at very low loading, due to strong interactions between polymer and clay. This kind of behaviour was reported previously for the nylon/clay system [17] . The increase in elasticity by addition of clay can be examined via the reduced storage modulus (G′ red ≡ G′ PBNCs /G′ matrix ), as shown in Fig. 2(b) . The increase of the storage modulus for BAP3 was only two times of the modulus for BAP at low frequency (0.03 s -1 ). For higher clay loadings (over 3 wt.-%), the degree of increase is remarkably higher (6 wt.-%: 20 times; 9 wt.-%: 100 times; and 15 wt.-%: 2500 times). From these results, we conjugate the existence of a critical concentration at which a remarkable increase in the modulus is achieved. Similar results were reported for BAP/OMMT nanocomposites prepared via melt intercalation, showing a significant increase in storage modulus and elastic recovery at a clay content of 3 wt.-% [18] . Furthermore, a plot of G′ versus G″ for different temperatures can be used as an effective method to elucidate structural changes [19] , analogous to Cole-Cole plots in dielectric spectroscopy [20] . This 'modified Cole-Cole plot' [21] has been used to explain the structural changes with loading of a filler in a particulate-filled system at constant temperature [22, 23] . Providing that the system is homogeneous no structural changes are detected in spite of the filler. These plots will make a master curve superimposing on the fundamental curve of the polymer matrix. 5
However, Fig. 3 shows a deviation from the fundamental curve for a clay concentration of 6 wt.-% due to structural changes in the polymer/clay nanocomposites. These structural differences appear at 3 wt.-% and become prominent with increasing clay content, showing a larger degree of deviation. This result is most likely due to a strong interaction between dispersed individual platelets, caused by their decreasing distance from each other as clay content increases.
On the other hand, a critical concentration of inorganic filler is found in complex viscosity as well as dynamic modulus. The degree of shear thinning and the increase in viscosity, which represents the dispersion quality of a filler in a matrix polymer or the interaction between polymer and filler, can become a criterion for a rheological percolation threshold, indicating the onset of the formation of a physical network [24, 25] . The existence of a rheological critical point at the electrical percolation threshold has been previously reported [22, 26] . As shown in Fig. 4(a) , the complex viscosity of BAP/OMMT nanocomposites showed a distinct shear thinning behaviour in the range of 6 to 15 wt.-% at low frequencies, while it showed a Newtonian plateau below 6 wt.-%. This shear thinning behaviour is indicative of a solid-like structure and implies the percolation threshold, showing the onset of network formation [27] . With a plot of the complex viscosity in log scale vs. clay content in linear scale, we can make a better interpretation of the viscosity increase with clay content. From Fig. 4(b) , we found a slope change at c. 4 wt.-%. The existence of this critical concentration, exhibiting a slope discontinuity, makes it possible for us to find the percolation threshold via rheological characterization. Although a number of dynamic rheological parameters can give useful information for the interpretation of viscoelastic properties, the phase angle (δ) obtained from the rotational rheometer is a very sensitive and effective value directly calculated from the phase angle difference between an input signal and an output signal. A purely elastic solid has a phase angle of 0° without showing phase lag (instant response to input stress), while a purely viscous liquid has a phase angle of 90° (response to input stress showing phase lag of 90°). Most viscoelastic materials respond with a phase lag between 0° and 90° to input stress. Fig. 5(a) exhibits the evolution of the phase angle as a function of frequency. Note that a significant variation of the phase angle is found in the low-frequency range. Usually, the phase angle of a polymer decreases monotonically with frequency as in BAP. With increasing clay content, nanocomposites are more solid-like [28, 29] , showing a decrease in the phase angle with an inflection point at very low frequency like for BAP6.
These changes of the phase angle were investigated through its derivative with respect to frequency (ω, d δ/d (log ω)) as demonstrated in Fig. 5(b) . We found slope changes showing an inflection point at a clay loading of 6 wt.-% in the low-frequency region, while it was not found for a clay loading of 3 wt.-%. This inflection point gives a useful guideline for determining the critical concentration or finding the rheological percolation threshold.
The solid-like behaviour of nanocomposites can also be explained by stress relaxation under a given strain field. Stress relaxation modulus G(t) describes a timedependent stress response after step input in shear, i.e., G(t) = τ(t)/γ 0 , is introduced.
To obtain G(t), viscoelastic material is instantly deformed to a shear strain of γ 0 . While deformation is maintained, the stress is measured as a function of time.
Instead of direct measurement via stress relaxation, the stress relaxation behaviour can be predicted by the numerical calculation from dynamic data for linear viscoelastic materials [30] . Very short time relaxation behaviour of material is included, which is quite difficult to obtain because of the intrinsic properties of polymeric material and limitation of the mechanical measurement coming from the equipment itself. The simplest form of the equation for numerical analysis [31] is . For BAP and BAP3, the relaxation modulus decreases linearly and decreases more rapidly beyond 0.1 s. However, over 9 wt.-% of clay loading, the relaxation modulus decreased linearly for the entire time range. These changes of relaxation behaviour in the long-time region are due to restricted stress relaxation of the confined polymer chains occupied by the mesostructure generated due to strong interaction between clay platelets [32, 33] . Such a mesoscopic structure of clay seems to be related to percolation threshold, i.e., over a percolation threshold, the BAP/OMMT nanocomposites have a slow relaxation process even at long time, forming the mesostructure.
This relaxation behaviour is dominated by the longest relaxation time and we can observe its variation by the relaxation time spectrum, H(λ). Tschoegl's analysis given below is a useful procedure to obtain H(λ) [34, 35] . Using Eq. (2), we estimated a weighted relaxation time spectrum λ H(λ) (1/ω = λ √2), which has been used to easily separate the longest relaxation time in an entire relaxation spectrum [36] . Fig. 6(b) shows the variation of the longest relaxation time with the shift of its position (where the maximum peak position implies the longest relaxation time). From this figure, we found that the longest relaxation time governing the whole relaxation behaviour was shifted to the right side with a jump shift between BAP3 and BAP6. This shift of the longest relaxation time again supports the existence of a percolation threshold, which is the beginning of mesostructure formation. 
General discussion
We interpreted the structural change of synthetic biodegradable aliphatic polyester (BAP)/organoclay nanocomposites using dynamic rheological measurements under small oscillatory shear. A drastic increase in elasticity was found for a clay loading of 6 wt.-%, which was confirmed by storage modulus measurement. We also found distinct structural changes of BAP/OMMT nanocomposites at 6 wt.-% via a modified Cole-Cole plot. In addition, complex-viscosity data showed the existence of a critical concentration or percolation threshold, representing the onset of drastic structural changes with a notable viscosity increase above 3 wt.-% loading (as for the storage modulus). The phase angle, which is a more sensitive rheological parameter, also showed structure evolution with varying clay content, especially in the low-frequency region, and its derivation served as a fingerprint to evaluate the percolation threshold. Such a structural change could be explained in terms of the relaxation behaviour and a jump shift of the longest relaxation time between 3 and 6 wt.-% as shown by a weighted relaxation time spectrum, which indicated a remarkable structure change implying the existence of a percolation threshold. Therefore, we found that the weighted relaxation time spectrum is useful to observe the structural evolution with a percolation threshold as well as the frequency-dependent phase angle.
